Transfer RNA molecules translate the genetic code by recognizing cognate mRNA codons during protein synthesis. The anticodon wobble position 34 and the nucleotide immediately 3' to the anticodon triplet, position 37, display a large diversity of modified nucleosides in the tRNAs of all organisms. We show that tRNA species translating two-fold degenerate codons require a modified U 34 to enable recognition of their cognate codons ending in A or G, but restrict reading of non-or near-cognate codons ending in U and C that specify a different amino acid. In particular, the nucleoside modifications s 2 U 34 , mnm 5 U 34 and t 6 A 37 were essential for Watson-Crick (AAA) and wobble (AAG) cognate codon recognition by tRNA Lys UUU at the ribosomal aminoacyl-and peptidyl-sites, but did not enable recognition of the asparagine codons (AAU and AAC). We conclude that modified nucleosides evolved to modulate an anticodon domain structure necessary for many tRNA species to accurately translate the genetic code.
INTRODUCTION
Transfer RNA (tRNA) molecules play a significant role in the translation of the genetic code into protein sequences. The ribosome-mediated interaction of the mRNA codons with the anticodon of the tRNA results in discrimination of cognate verses near-and non-cognate codons (1, 2) . Cytoplasmic tRNA molecules contain approximately 80 post-transcriptional nucleoside modifications (3) with the largest diversity of these modifications located in the anticodon wobble position 34 or immediately 3' adjacent to the anticodon triplet, position 37. Some of these nucleoside modifications appear to be necessary for efficient protein synthesis as determinants for aminoacylation (4, 5) , important in maintaining reading frame (6) and necessary for codon recognition on the ribosome (7) (8) (9) . We had previously reported that modified nucleosides in the anticodon loop of tRNA Lys UUU were essential for recognition of the lysine codons, AAA and AAG. Specifically, 5-methylaminomethyluridine at position 34 (mnm 5 U 34 ), 2-thiouridine at position 34 (s 2 U 34 ), and 6-threonylcarbamoyladenosine at position 37 (t 6 A 37 )
enabled codon recognition at the ribosomal P (peptidyl) site (7, 8) . However, we had not previously compared the P-site ribosomal contributions of these modified nucleosides in tRNA Lys UUU with contributions at the ribosomal A-site, the ribosomal entry site for aminoacylated tRNAs during peptide elongation. In addition, it has not been shown if the same tRNA modifications necessary for cognate codon recognition also restrict wobble recognition of near-cognate codons.
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C in addition to A and G. Modifications of U 34 would restrict wobble recognition to A and G, but 5-oxyuridine modifications at position 34, such as 5-methoxyuridine (mo 5 U 34 ) and 5-carboxymethoxyuridine (cmo 5 U 34 ), would allow recognition of U, as well as A and G (12) .
However, we had previously shown that the unmodified U 34 in completely unmodified tRNA Lys UUU , tRNA Glu UUC and tRNA Gln UUG could not recognize A and G (7) . Therefore, the need for a modified U 34 must be to restore and restrict wobble position recognition to A and G.
To identify tRNA species that require a modified U 34 for codon recognition and restrict wobble specificity of the first anticodon position, we assayed the ability of specific tRNAs to recognize cognate and wobble codons in the absence of their naturally-occurring modifications at U 34 . The seventeen nucleotides of the anticodon stem and loop domain (ASL; Figure 1 ) were used as a mimic of the entire tRNA molecule to assess codon recognition at the ribosomal A and P-sites (7, 8, (15) (16) (17) . The 30S ribosomal P-site has the highest affinity of all ribosomal sites fo r entire tRNA molecules and for ASLs. Thus, the P-site is first occupied in vitro (18, 19) and binding to the A and P-sites does not depend on the presence of initiation or elongation factors (16, 17) . Here we provide experimental evidence that the need for a modified wobble position, U 34 , directly correlates to the need for some tRNAs to discriminate at the third position of the codon. We also show that modified nucleosides in tRNA's anticodon domain modulate codon recognition in the ribosomal A-site similarly to the ribosomal P-site.
EXPERIMENTAL PROCEDURES
RNA Synthesis. Unmodified and variously-modified ASLs and 30mer mRNAs were purchased (Dharmacon, Lafayette, CO and Xeragon, Huntsville, AL) or synthesized using ribonucleoside phosphoramidite chemistries and methods as previously described (7, 8) . Ribosomal P-site Filter Binding Assay. ASLs were 3'-( 32 P) end-labeled as described (20) .
Small ribosomal subunits (30S) were prepared from E.coli MRE600 cells (21) and activated by incubating at 37 °C for 30 minutes in CMN buffer (80 mM cacodylate acid, pH 7.5, 20 mM MgCl 2 , 100 mM NH 4 Cl). Ribosomal subunits were 70-95% active in all assays. ASLs were bound to the 30S ribosomal P-site as previously reported (7, 8, 15) except that mixtures of ASL, 30S subunit and mRNA were incubated on ice for 1 hour before being passed through nitrocellulose membranes. Binding curves were analyzed by one-site non-linear regression (GraphPad Prism) with yeast tRNA Phe (Sigma) binding to poly-U as the positive control.
Ribosomal A-site Filter Binding Assay. ASLs were bound to 30S ribosomal subunits with a procedure modified from that previously reported for determining only programmed P-site binding (7, 8, 15) . Small 30S ribosomal subunits (10 pmoles) and a 30mer message consisting of ten consecutive copies of the appropriate triplet codon, either in the absence of tetracycline or in the presence of 250 µM tetracycline, (Sigma) were incubated with 200 pmoles 3'-( 32 P) endlabeled ASL in 40 µL of CMN buffer (80 mM potassium cacodylate, pH 7.2, 20 mM MgCl 2 , 100 mM NH 4 Cl, 3 mM b-mercaptoethanol). Reaction mixtures were incubated on ice for one hour before being passed through nitrocellulose filters as previously described (7, 8) . The total number of ASLs bound to 30S ribosomal subunits was determined in the experiments witho ut dimethylsulfate (DMS) (Sigma) solution in 100% ethanol as previously described (7, 8) . The DMS-modified 16S rRNA was reverse transcribed with a 5'-( 32 P) end-labeled DNA primer complimentary to bases 1509 through 1530 (to probe A1492 and A1493) and bases 824 through 845 (to probe A794 and C795) in 16S rRNA as previously described (7, 8) . The reverse transcription products were electrophoresed by 6% polyacrylamide gel electrophoresis (PAGE)/7M urea. 200±20 nM for the AAG codon, and did not recognize the AAC or AAU codons (Table 1) .
RESULTS

Codon Recognition in the
Codon Recognition in the Ribosomal A-site. To determine if modified nucleosides have a
contribution in the ribosomal A-site, we assessed the ability of modifications previously shown to restore programmed ribosomal P-site binding (7, 8) to restore programmed A-site binding.
The binding affinity of the ribosomal A-site is approximately 100 times lower than that for the Psite (18) . Thus, to achieve A-site binding to the 30S subunit in vitro as described here, it is necessary to saturate the P-site. An additional tRNA exit site on the ribosome, the E-site, has also been identified for deacylated tRNAs (22) , but the majority of the binding energy for this site appears to be in the 3' terminal adenosine base of the entire tRNA molecule and the 50S ribosomal subunit (23) .
The binding of variously modified ASL Lys UUU constructs to the programmed A-site was inferred by determining the number of ASL constructs sensitive to the presence of tetracycline.
In the presence of 250 µM tetracycline, binding of tRNAs to the ribosomal A-site is inhibited (24) (25) (26) (27) These results confirmed that tetracycline was inhibiting A-site binding and not influencing P-site binding. Therefore, the ability of modified nucleosides to restore codon recognition at the ribosomal P-site is similar to the ability at the ribosomal A-site.
DISCUSSION
The work reported here provides experimental evidence for the role of tRNA modified nucleosides in maintaining accurate recognition of the genetic code. Many tRNAs can recognize more than one codon because of the ability of the anticodon wobble position 34 to wobble to recognize the third position of the codon. This data indicates that modification of U 34 is the biochemical mechanism by which tRNA mo lecules accurately differentiate codons from multiple amino acid codon boxes. Multiple amino acid, or mixed codon, boxes refer to two-and threefold degenerate codons that specify more than one amino acid by only a difference in the third base ( (Table 1) .
If a modified U 34 is necessary for tRNAs that translate codons from mixed codon boxes to recognize A and G, the modification may also restrict recognition to A and G. Previously, we The cmo 5 U 34 modification is present only in tRNAs that read four-fold degenerate codons. There is no requirement for these tRNAs to discriminate at the third position of the codon and we have found that these tRNAs do not require a modified U 34 for cognate codon recognition. For example, unmodified ASL Val UAC recognized the valine codons, GUA and GUU, with high affinity (K d = 300±100 nM and 260±20 nM, respectively) and displayed low, but measurable recognition of the valine codons GUC and GUG (Table 1) tRNA Ala UGC was the only unmodified ASL that we assayed tha t has a naturally-occurring cmo 5 U 34 modification and did not recognize its codon (Table 1) . Interestingly, it is also the only anticodon sequence that we assayed that has the cmo 5 U 34 modification without a naturallyoccurring position 37 modification (Table 1) . Therefore, the cmo 5 U 34 modification may be proposed that a hypomodified tRNA may decrease the rate by which the tRNA is recruited to the A-site (6) , that a position 37 modification enhances proofreading in the ribosomal A-site (29) , and that position 37 modifications influence the in vivo aminacylated-tRNA selection in a tRNAdependent manner (9) . We determined that modified nucleosides have a contribution in the ribosomal A-site similar to our previous observations of codon binding in the ribosomal P-site.
Modifications previously shown to restore programmed ribosomal P-site binding (7, 8) The modified nucleosides in the anticodon loop of some tRNAs modulate codon recognition in the ribosomal A and P-sites. We have shown that the need for a modified U 34 directly correlates to the need for the tRNA to discriminate at the third position of the codon.
Lim and Curran have suggested that the requirement for modifications at position 34 may have arisen from evolutionary pressure to prevent errors in codon recognition (12) . Primitive codes may have specified fewer amino acids and the mixed codon boxes may have originally specified single amino acids. Restricting wobble at tRNA position 34 would have functionally split some of the codon boxes, allowing the incorporation of more amino acids into protein sequences (12) .
We have also found some ASL sequences that have an unmodified G or C at position 34 and a modification at position 37 also appear to require modified nucleosides (data not shown).
Position 37 modifications may be involved in preventing frameshifting (13) naturally-occurring A 27 -U 43 to G 27 -C 43 for increased yield in chemical synthesis (7, 8 and C795 are protected when tRNA is bound in the ribosomal P-site (bottom). 
